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Herein, we report the production of a superior Mott—Schottky het-
erojunction that is based on PdAg nanowires (NWs) that grow in situ on
graphitic carbon nitride (g-C3N,4). Due to the strong Mott—Schottky
effect between PdAg NWs and g-CsN4, the heterojunction enhances
the photocatalytic dehydrogenation of formic acid (FA) (TOF = 420
h~Y) without additives and under visible light (A > 400 nm) at 25 °C,
which is the best value among all heterogeneous catalysts reported for
the photocatalytic dehydrogenation of FA. The H, production rate is
almost constant under the current reaction conditions. Detailed
studies reveal that a favorable charge transfer from g-CzN,4 and Ag to
Pd makes Pd electron-rich, which enhances the catalytic activity and
stability of the heterojunction for the photocatalytic dehydrogenation
of FA under visible light. Our studies open up a new route to the design
of a metal-semiconductor heterojunction for visible light-driven
photocatalytic dehydrogenation of FA.

Exploitation of the secure and efficient dehydrogenation tech-
nology of hydrogen storage materials is an impending challenge
as the entire world looks forward to replacing non-renewable
fossil fuels in the future energy areas." Among the hydrogen
storage materials, formic acid (FA, HCOOH), a non-toxic
renewable product, formed in biomass processing or the
hydrogenation of carbon dioxide from industry with high
energy density and liquid state at room temperature, has been
considered as a promising energy carrier for a fuel-cell-based H,
economy in the future.”™* FA can be catalytically decomposed via
a dehydrogenation (HCOOH < H, + CO,) or dehydration
(HCOOH <« H,0 + CO) pathway. However, the undesirable
dehydration pathway must be avoided because it produces CO,
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which is a toxicant to fuel cell catalysts.*® Recently, significant
efforts have been devoted towards the development of selective
heterogeneous catalysts for the dehydrogenation route without
the release of CO.”*® Among the heterogeneous catalysts, Pd-
based nanocatalysts show promising hydrogen generation
rates for the FA decomposition under mild conditions.
However, the poor H, selectivity and intrinsically weak CO
tolerance of Pd can lead to reduced stability of the Pd-based
nanocatalysts. Hence, tremendous efforts, including Pd-based
nanoparticles (NPs),"* nanowires (NWs),"> nanosheets (NSs)*
and hollow nanospheres (NHSs)* structures, have been devoted
to solving these issues.

In addition, the photocatalytic dehydrogenation of FA has
attracted extensive interest as an efficient dehydrogenation
technology to produce H, from FA under visible light at room
temperature. Some reports show that the semiconductive
supports that absorb visible light can be exploited to improve
the photocatalytic performance of heterogeneous metal-
catalysts for the photocatalytic dehydrogenation of FA;>™” this
is due to the electronic interaction and electron transfer
between the metal and semiconductor, called Mott-Schottky
effect, on the surface of metal-semiconductor interfaces.'®
Therefore, the Mott-Schottky strategy was explored to enhance
the photocatalytic dehydrogenation of FA with a coupled Pd-
based catalyst with a semiconductive support through the
strong metal-support interaction. Typical reported supports,
including graphene oxide," metal-organic-framework (MOF),*
Si0,,* TiO,,** and WO, 5,,>* are effective for the improvement of
the photocatalytic dehydrogenation of FA due to their ability to
tune the electronic/geometric structures of the nanocatalyst and
the synergistic effect between the active Pd-based nanocatalyst
and support. It is thus of great interest to have a semiconductor
with a suitable majority-carrier type and band structure to build
a Mott-Schottky heterojunction between the active nanocatalyst
and support to adjust the surface charge density and catalytic
property of the Pd-based nanocatalyst for the photocatalytic
dehydrogenation of FA under visible light. Among the available
semiconductors serving as a support, nanostructured graphitic
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carbon nitride (g-C3N,) with a band gap of 2.7 eV has been
proven to be an ideal candidate* since the work function of
some noble metals, such as Pd or Pt, are situated between the
conduction and valence bands of g-C;N,.**

In this study, we built the superior Mott-Schottky hetero-
junction based on PdAg NWs and g-C;N, for the enhancement
of the photocatalytic dehydrogenation of FA, as shown in
Scheme 1. The photocatalytic heterojunction was constructed in
situ by growing PdAg NWs on the surface of g-C3N,. Through
a strong metal-support interaction between PdAg NWs and g-
C;3N,, the optimal Pd;Ags NWs@g-C3;N, Mott-Schottky hetero-
junction exhibits an excellent catalytic performance for the
photocatalytic dehydrogenation of FA (TOF = 420 h™') under
additive-free conditions under visible light (1 > 400 nm) at 25 °C,
which are the best values ever reported for a heterogeneous
catalyst for the photocatalytic dehydrogenation of FA in an
aqueous solution. The strategy demonstrates a new way to
achieve low-cost visible light-driven dehydrogenation of FA.

The typical morphology and structure of the PdsAgs NWs@g-
C;N, Mott-Schottky heterojunction were characterized by
transmission electron microscopy (TEM) with different magni-
fications and a representative high-resolution (HR) TEM images
(Fig. 1A-C). It could be clearly observed that the in situ synthe-
sized PdAg NWs, growing on the surface of g-C;N,, possess
a network-like morphology with various convex/concave regions
and kinks (Fig. 1A and B). The HR-TEM image shows the (111)
lattice fringe distance of typical in situ synthesised face-centered
cubic (fec) PdAg alloy as 0.23 nm (Fig. 1C), which is between the
(111) lattice spacing of fcc Ag (0.24 nm) and fcc Pd (0.22 nm).
The Pd;Ags NWs@g-C3;N, Mott-Schottky heterojunction was
further characterized by HAADF-STEM image and scanning
transmission electron microscopy-EDS (STEM-EDS) (Fig. 1D-G).
Elemental mapping of the PdsAgs NWs@g-C;N, Mott-Schottky
heterojunction suggests that Pd and Ag disperse uniformly at
the atomic level, which confirms that the homogeneous alloyed
PdAg NWs have been successfully grown on the surface of g-
C;N,. The PdAg NWs@g-C3N, Mott-Schottky heterojunction of
different Ag and Pd compositions (Fig. S1t) was also synthe-
sized by varying the molar ratio of the precursors. Their

PdAg-C.N
HCOOH e

CO,+H,

Scheme 1 Schematic of the enhanced activity of the PdAg@g-CzN4
Mott—-Schottky heterojunction for photocatalytic dehydrogenation of
FA under visible light and schematic of a Mott—Schottky-type PdsAgs
NWs@g-CsN4 contact (E: work function; Ec: conduction band; Ey:
valence band).
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Fig. 1 (A and B) Typical TEM images of the PdsAgs NWs@g-CzN,4
Mott—-Schottky heterojunction at different magnifications. (C) HR-TEM
image of the PdsAgs NWs@g-CsN,4 Mott—Schottky heterojunction.
(D-G) HAADF-STEM and elemental mapping of the PdsAgs NWs@g-
CsN4 Mott—Schottky heterojunction.

compositions were analyzed by inductively coupled plasma
optical emission spectroscopy (ICP-OES) (Table S1t). Fig. S2
shows the X-ray diffraction (XRD) patterns of the PdAg NWs@g-
C;3N, and Pd NWs@g-C;N, Mott-Schottky heterojunction. For
the PdAg NWs@g-C;N, Mott-Schottky heterojunction, the XRD
pattern exhibits the (111) plane of the fcc PdAg at 40°, and it has
a weak peak of g-C3N, at 27.5° attributed to the (002) plane of
the g-C;N, (JCPDS 87-1526),* further indicating that the PdAg
NWs with an alloy structure have been in situ grown on the
surface of g-C3Nj.

To further investigate the effect of g-C;N, on the electronic
structures of Ag and Pd in the PdsAgs NWs@g-C;N, Mott-
Schottky heterojunction, we carried out the XPS measurement
(Fig. S31 and 2A-D). As a control, the electronic states of C
and N in g-C3;N, were also measured. It can be seen that
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Fig.2 (A and B) High resolution XPS spectra of C1s and N1s for g-C3Ny4
and PdsAgs NWs@g-CzN, Mott—Schottky heterojunction, respec-
tively. (C and D) High resolution XPS spectra of Ag 3d and Pd 3d for
PdsAgs NWs@g-C3sN4 Mott—Schottky heterojunction, respectively.
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compared with those of pure g-C3;N,, the binding energies of
C1s and N1s from the Pd;Ags NWs@g-C;N, shifted to higher
values (Fig. 2A and B). For the XPS spectra of Ag 3d and Pd 3d,
the binding energies of Ag 3d;/, in PdsAgs NWs@g-C3N, Mott-
Schottky heterojunction were also tested and found to be higher
than those of Ag 3d;/, in PdsAgs NWs (Fig. 2C), whereas the
binding energies for Pd 3d;, in PdsAgs NWs@g-C;N, Mott—
Schottky heterojunction shifted to lower values relative to those
of the Pd;Ags NWs (Fig. 2D). These shifts demonstrate that
electrons transfer from g-C;N, and Ag to Pd in the Pds;Ags
NWs@g-C3;N, Mott-Schottky heterojunction. The shifts suggest
that the Pd atoms are more electron-rich in the PdsAgs NWs@g-
C;N, Mott-Schottky heterojunction because g-C;N, donates
more electrons to PdsAgs NWs and produces more electron-rich
Pd centers with lower binding energies.”” Therefore, the XPS
spectra measurement verifies that the strong Mott-Schottky
effect between g-C3N, and Pd;Ags NWs increases the electron
density of the Pd atoms and makes the Pd atoms more electron-
rich in the Pds;Ags NWs@g-C;N, Mott-Schottky heterojunction
because of the strong metal-support interaction. Overall, g-
C;N, towards Pds;Ags NWs increases the electron density of the
Pd active centers; this facilitates the O-H cleavage and
strengthens the adsorption of formate. g-C;N, acts as a proton
scavenger for the O-H bond dissociation to form the protonated
2-C3Ny, which further promotes the B-hydride elimination of
Pd-formate intermediates to produce H, and CO,.”®

To choose an effective Mott-Schottky heterojunction, the
catalytic activities of the PdAg NWs@g-C;N, Mott-Schottky
heterojunction with different Ag or Pd composition were
initially studied by plotting the volume of gas (CO, + H,) versus
the reaction time in a 10 mL FA aqueous solution (1 M) under
visible light (A > 400 nm) at 25 °C (Fig. S4AT). The initial TOF of
Pd,;Ag; NWs@g-C3N,, PdsAgs NWs@g-C3N,, Pd;Ag; NWs@g-
C;N; and Pd NWs@g-C;N, is 346, 420, 242, and 105 h™",
respectively (Fig. S4B). Pd;Ags NWs@g-C;N, has the highest
catalytic activity among the PdAg NWs@g-C;N, with different
Ag or Pd compositions. The evaluation shows that g-C;N, can be
used as an effective support to improve the PdAg NWs for use
during the photocatalytic dehydrogenation of FA. As a control,
we also chose a physical mixing method to prepare the catalyst
by blending PdsAgs NWs and g-C;N, and then tested the cata-
lytic activity of the mixture for H, generation from FA decom-
position under visible light (1 > 400 nm) at 25 °C. It was found
that the mixture exhibited a much poorer catalytic activity than
the Pds;Ags NWs@g-C3;N, Mott-Schottky heterojunction; this
indicated that the Pd;Ags NWs@g-C;N, Mott-Schottky hetero-
junction had a stronger coupling between Pds;Ags NWs and g-
C3N, (Fig. 3A). In addition, the catalytic activities of PdsAgs NWs
without a support for H, generation from FA decomposition
under visible light (1 > 400 nm) at 25 °C were measured (Fig. 3A).
Obviously, the PdsAgs NWs@g-C;N, Mott-Schottky hetero-
junction exhibits a much better catalytic activity than PdsAg;
NWs; this also suggests that the strong coupling effect between
the PdsAgs NWs and g-C3;N, is a key factor for improving the
catalytic activity. In addition, the volume of the gas mixture
generated vs. time for PdsAgs; NWs@g-C;N, is linear, thus
indicating that H, production rate is almost constant under the

This journal is © The Royal Society of Chemistry 2019
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Fig.3 (A) The volume of gas mixture (CO, + H,) generated vs. time for
the FA dehydrogenation catalysed by different catalysts in FA aqueous
solution (10 mL of 1 M) under visible light irradiation (A > 400 nm) at
25 °C, respectively. (B) The volume of gas mixture (CO, + H,) gener-
ated vs. time for the photocatalytic dehydrogenation of FA and (C) TOF
vs. power for PdsAgs NWs@g-C3sN,4 Mott—Schottky heterojunction at
different light intensity in FA aqueous solution (10 mL, 1 M) under
visible light irradiation (A > 400 nm) at 25 °C.

current reaction condition; this is very important for practical
H, application (Fig. 3A).

Since the dehydrogenation of FA is generally accompanied
by the undesired FA dehydration reaction, we also measured the
evolving gas mixture by gas chromatograph (GC), and there was
no CO detected in the gas mixture (detection limit > 2 ppm)
(Fig. S5 and S6t). Additionally, we measured the H, volumes by
gas mixture flowing through the typical NaOH trap and then
compared them with the gas mixture (CO, + H,) volumes
(Fig. S7t). These results demonstrate that the gas mixture is
indeed composed of H, and CO,, and the molar ratio of CO, and
H, is 1. Importantly, these results testify that CO-free H, can be
released from our Mott-Schottky heterojunction.

We further studied the effects of catalyst concentration, FA
concentration and temperature on the photocatalytic dehydro-
genation of FA over the Pds;Ags NWs@g-C3N,; Mott-Schottky
heterojunction. At first, the dehydrogenation reaction was per-
formed at different catalyst concentrations from 1.25 mM to
10 mM by keeping the FA concentration at 1.0 M and visible
light irradiation (2 > 400 nm) at 25 °C. The volume of the
generated gas versus the reaction time during the photocatalytic
dehydrogenation of FA at different catalyst concentrations is
plotted in Fig. S8A.§ The rate of FA dehydrogenation reaction of
the corresponding catalyst concentration was calculated by the
volume of the generated gas during the initial 10 minutes. The
slope of the line plotted the logarithmic value of the hydrogen
generation rate versus the catalyst concentration is 1.01
(Fig. S8BY), demonstrating that the photocatalytic dehydroge-
nation of FA follows pseudo-first-order kinetic at different
catalyst concentrations.

We also studied the effect of visible light intensity on the
photocatalytic dehydrogenation of FA over the Pd;Ags NWs@g-
C;3N, Mott-Schottky heterojunction at a 10 mM concentration
and 1 M aqueous FA solution under visible light irradiation (A >
400 nm) (Fig. 3B). It was found that the rate of FA dehydroge-
nation increased linearly with the increasing light intensities
(TOF = 0.9 W + 25) (Fig. 3C); this indicated that the catalytic
activity of our Mott-Schottky heterojunction was easily
controlled by the light intensity. It also demonstrates the great
promise of the PdAg NWs@g-C3;N, Mott-Schottky hetero-
junction as a more practical photocatalyst for FA dehydroge-
nation. In addition, to study the effect of the FA concentration
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Fig. 4 (A) The stability of PdsAgs NWs@g-CzN4 Mott—Schottky het-
erojunction in agqueous FA solution (10 mL, 1 M) under visible light (2 >
400 nm) at 25 °C. (B) TEM image of the PdsAgs NWs@g-C3zN4 Mott—
Schottky heterojunction after the four catalytic runs.

on the gas-generation rate, the concentration of the Pds;Ags
NWs@g-C;N, Mott-Schottky heterojunction was kept constant
at 10 mM under visible light (A > 400 nm) at 25 °C. The volume
of gas-generation versus reaction time is plotted at different FA
concentrations (Fig. S9At). Fig. S9Bt shows the initial TOFs
versus corresponding FA concentration plot. When the FA
concentration was increased from 0.125 M to 1.0 M, the gas-
generation rate increased linearly (TOF = —771.6Cgs — 167.5),
but dropped when the FA concentration was higher than 1 M;
this result verified that the gas-generation rate was closely
related to the FA concentration.

Finally, the catalytic stability of the PdsAgs NWs@g-C;N,
Mott-Schottky heterojunction was tested in an aqueous FA
solution (10.0 mL, 1.0 M) under visible light (1 > 400 nm, 400 w)
at 25 °C. The PdsAgs NWs@g-C;N, Mott-Schottky hetero-
junction maintained its initial activity in the aqueous FA solu-
tion after the catalyst was used for four cycles (Fig. 4A). We
further investigated the morphology (Fig. 4B) and composition
(Tables S3 and S4+) of the Pd;Ags NWs@g-C;N, catalyst after the
fourth run using XPS, ICP-AES and TEM. There was no obvious
change in the C/N and Ag/Pd composition, the PdsAgs NWs with
a network-like morphology were still anchored on the surface of
the g-C3N,, and there was no Ag and Pd in our catalytic system
of the liquid phase. This result indicates that the PdsAgs
NWs@g-C3N, Mott-Schottky heterojunction is sufficiently
stable and recyclable for the photocatalytic dehydrogenation of
FA under visible light (A > 400 nm) at 25 °C.

Conclusions

In summary, we presented an ingenious strategy to optimize the
catalytic activity of PdAg NWs toward the dehydrogenation of FA
by in situ growth of PAAg NWs on the surface of semiconductive
2-C3N, to build a Mott-Schottky heterojunction. Due to the
Mott-Schottky effect between g-C;N, and the PdAg NWs, the
Pd;Ags NWs@g-C3;N, Mott-Schottky heterojunction has the
highest activity with an initial TOF of up to 420 h™' under
additive-free conditions under visible light (1 > 400 nm) at 25 °C.
Detailed studies on the Pds;Ags NWs@g-C3;N, Mott-Schottky
heterojunction reveal that a favorable charge transfer from g-
C;N, and Ag to Pd makes Pd electron-rich, which leads to the
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enhancement of the catalytic activity of the PdsAgs NWs@g-
C;3N, Mott-Schottky heterojunction, which has a boosting
activity and superior stability for the photocatalytic dehydro-
genation of FA under visible light. This study opens a new
method to design high-performance heterogeneous catalysts
with a Mott-Schottky effect by visible light as a driving force to
trigger the FA dehydrogenation to meet practical H,-based
energy device applications.
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